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Diverse Trafficking Patterns Due to Multiple
Traffic Motifs in G Protein-Activated Inwardly
Rectifying Potassium Channels from Brain and Heart
al., 1997; Wei et al., 1998; Yamada et al., 1998); these
proteins can form homotetramers or heterotetramers
(Dascal, 1997). Dopaminergic neurons in the midbrain
express channels composed of different Kir3.2 splice
variants (Inanobe et al., 1999b), while Kir3.4 homotetra-
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mers are present in the atrium of heart (Corey and Clap-University of California, San Francisco
ham, 1998). Homotetramers of Kir3.1 are not functionalSan Francisco, California 94143
channels, whereas coassembly of Kir3.1 with Kir3.2,
Kir3.3, or Kir3.4 produces functional channels with
nearly identical single-channel properties in the heterol-Summary
ogous system (Dascal, 1997; Jelacic et al., 1999). Kir3.1
and Kir3.4 comprise the muscarinic potassium channelsG protein-activated inwardly rectifying potassium
that regulate the heart rate (Krapivinsky et al., 1995),channels (Kir3, GIRK) provide an important mecha-
while most central neurons in the cortex and the hippo-nism for neurotransmitter regulation of membrane ex-
campus express Kir3.1/Kir3.2 heterotetrameric channelscitability. GIRK channels are tetramers containing var-
(Liao et al., 1996). It is unclear why these electrophysio-ious combinations of Kir3 subunits (Kir3.1–Kir3.4). We
logically similar Kir3.1-containing heterotetramers of dif-find that different combinations of Kir3 subunits ex-
ferent subunit compositions exist in vivo.hibit a surprisingly complex spectrum of trafficking
Compared to the extensive electrophysiological stud-phenotypes. Kir3.2 and Kir3.4, but not Kir3.1, contain
ies of GIRK channels, relatively little is known about theER export signals that are important for plasma mem-
intracellular trafficking of these channels. Kennedy etbrane expression of Kir3.1/Kir3.2 and Kir3.1/Kir3.4 het-
al. (1996) have reported that Kir3.1 homotetramers areerotetramers, the GIRK channels found in the brain
localized to the cytoskeleton, while Kir3.4 homotetra-and the heart, respectively. Additional motifs in Kir3.2
mers are efficiently targeted to the cell surface, andand Kir3.4 control the trafficking between endosome
coexpression of Kir3.1 and Kir3.4 results in the surfaceand plasma membrane. In contrast, the Kir3.3 subunit
localization of heterotetramers. A subsequent studypotently inhibits plasma membrane expression by di-
from the same group has shown that amino acids 375–verting the heterotetrameric channels to lysosomes.
399 of Kir3.4 are required for cell surface localizationSuch rich trafficking behaviors provide a mechanism
of Kir3.1/Kir3.4 heterotetramers, whereas amino acidsfor dynamic regulation of GIRK channel density in the
350–375 of Kir3.4 are required for cell surface localiza-plasma membrane.
tion of both Kir3.4 homotetramers and Kir3.1/Kir3.4 het-
erotetramers (Kennedy et al., 1999). How these C-ter-Introduction
minal sequences affect channel surface expression is
not known, nor have the trafficking patterns of other
The inwardly rectifying potassium channels (Kir) play
GIRK channels been scrutinized.
pivotal roles in controlling insulin release, vascular tone, We report here that various GIRK homotetramers and
heart rate, neuronal signaling, and membrane excitabil- heterotetramers display strikingly different trafficking
ity (Hille, 1992). There are seven Kir subfamilies (Kir1– patterns. Kir3.1 and Kir3.3, when expressed individually,
Kir7) (Doring et al., 1998; Isomoto et al., 1997; Krapivin- reside exclusively in the ER. In contrast, Kir3.2A and
sky et al., 1998; Partiseti et al., 1998). Kir3 (GIRK) Kir3.4 homotetramers are directed to the cell surface
channels are downstream effectors of G protein-cou- efficiently, due to the presence of two different forward
pled receptors, and they can be activated by direct bind- trafficking motifs—an ER export motif found in the
ing of the  subunit of G protein to the channels, an N-terminal region and a post Golgi surface-promoting
interaction with important physiological consequences motif located in the distal C-terminal region that shifts
(Wickman and Clapham, 1995; Yamada et al., 1998). For channel proteins from endosomes to the cell surface.
example, activation of the heart muscarinic m2 receptor The action of the latter motif of Kir3.2A can be potentially
slows the heart rate by activating Kir3.1/Kir3.4 hetero- regulated by phosphorylation. The level of surface ex-
tetrameric channels (Krapivinsky et al., 1995; Wickman pression of Kir3.2A is further controlled by a VL internal-
et al., 1998). In the brain, various neurotransmitters can ization motif near its extreme N terminus. Different com-
activate Kir3.2-containing channels, which mediate slow binations of these motifs present in different Kir3.2
inhibitory postsynaptic potentials (Lu¨scher et al., 1997; splice variants could account for their different traffick-
Signorini et al., 1997; Wickman and Clapham, 1995; Ya- ing patterns. Significantly, when Kir3.1 is coexpressed
mada et al., 1998). with Kir3.2A or Kir3.4, the trafficking of Kir3.1/Kir3.2A or
Four members of Kir3 subfamily, Kir3.1–Kir3.4, have Kir3.1/Kir3.4 heterotetramers is dictated by the forward
been cloned in mammals (Dascal, 1997), as well as sev- trafficking motifs of Kir3.2A or Kir3.4. In contrast, Kir3.3
eral splice variants (Inanobe et al., 1999a; Nelson et contains a lysosomal targeting signal and negatively
modulates the surface level of Kir3.1-containing hetero-
tetramers. The trafficking patterns and motifs of different3 Correspondence: gkw@itsa.ucsf.edu
Kir3 channels were first analyzed using COS7 cells that4 Present address: Xenoport, Inc., 3410 Central Expressway, Santa
Clara, California, 95051. exhibited well-defined subcellular compartments, as
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well as high transfection efficiency, and then verified in
cultured hippocampal neurons.
Results
Kir3.1 Homotetramers Are Localized in the ER
and Associated with Microtubules
As a first step toward identifying the mechanisms of
Kir3 channel trafficking, we used COS7 cells as a model
system because of their well-defined subcellular com-
partments and high transfection efficiency. Results were
then confirmed in cultured hippocampal neurons. As
previously reported (Kennedy et al., 1996), Kir3.1 dis-
plays a cytoskeleton-like distribution and colocalizes
with vimentin-containing intermediate filaments when
expressed in COS7 cells. Double labeling with antibod-
ies against-tubulin showed that Kir3.1 was also associ-
ated with microtubules (Figure 1A, right panel). Several
observations indicated that Kir3.1 resides in the ER.
First, Kir3.1 colocalized with the GFP fusion of CD4-
KKYL (Figure 1A, left panel), which is known to remain
in the ER through a KKXX-mediated retrieval pathway
(Andersson et al., 1999; Zerangue et al., 2001). Second,
when microtubules were depolymerized by cold treat-
ment (0C), Kir3.1 resumed a typical reticulum-like ER
distribution (Figure 1B, left panel). When tubulin was
allowed to repolymerize at a higher temperature (37C),
Kir3.1 became associated with microtubules again (Fig-
ure 1B, right panel). Third, the cytoskeletal staining pat-
tern was abolished when Kir3.1 was fused to FCYENE
(Figure 1C), an ER export signal we recently identified
in a related potassium channel Kir2.1, but not found in
Kir3.1 (Ma et al., 2001). This effect was not observed
Figure 1. Kir3.1 Homotetramers Reside Exclusively in the ER andwith nonfunctional mutants ACAENE or FCYANA (Figure
Associate with Microtubules1C) (Ma et al., 2001). ER localization of Kir3.1 is also
(A) Kir3.1 colocalized with GFP-CD4-KKYL resided in the ER (left)consistent with the absence of mature glycosylation of
and with microtubules (right).
Kir3.1 observed in the hearts of Kir3.4 knockout mice (B) Kir3.1 assumed a typical reticulum-like ER distribution after mi-
(Kennedy et al., 1999). Taken together, these findings crotubules were depolymerized by incubating transfected cells at
indicate that Kir3.1 homotetramers lack a functional ER 0C for 5 min (left). When the cells were warmed to 37C for 5 min
to allow the repolymerization of microtubules, Kir3.1 again becameexport signal and reside in the ER when expressed
associated with microtubules (right).alone.
(C) When fused to the ER export motif of Kir2.1 (FCYENE), Kir3.1
exited the ER and localized to the Golgi (upper panels), as confirmed
Kir3.1/Kir3.2A and Kir3.1/Kir3.4, but Not by its colocalization with GFP-Gal, a Golgi marker protein (data not
Kir3.1/Kir3.3, Heterotetramers Are Targeted shown). When the ER export motif was mutated to ACAENE or
FCYANA, Kir3.1 was retained in the ER and remained associatedto the Cell Surface
with microtubules (lower panels).We then examined the localization of Kir3.2A, Kir3.3, and
Scale bar, 25 m.Kir3.4 homotetramers, as well as Kir3.1/Kir3.2A, Kir3.1/
Kir3.3, and Kir3.1/Kir3.4 heterotetramers. For this pur-
pose, an HA epitope was fused to the extracellular loop
of Kir3.1 (between amino acids 115 and 116) for the heterotetramers, but not Kir3.1/Kir3.3, were found at
the cell surface (Figure 2A, lower panels). Quantitativesurface quantitation of Kir3.1-containing heterotetra-
mers. Whereas fusion of the epitope at this site did not chemiluminescent measurements on nonpermeabilized
cells showed that coexpression of Kir3.1-HA withchange the channel properties (Kennedy et al., 1999)
(data not shown), similar extracellular epitope insertion Kir3.2A or Kir3.4 resulted in 40-fold higher surface ex-
pression, as compared with the expression of Kir3.1-altered the trafficking of other Kir3 family members (data
not shown). Therefore, we fused the HA epitope to the HA alone or coexpression of Kir3.1-HA with Kir3.3 (Fig-
ure 2B, left panel). Western blot analysis (data notC termini of Kir3.2A, Kir3.3, and Kir3.4 and verified that
these epitope fusions did not alter channel function or shown) and quantitative chemiluminescent measure-
ment in permeabilized cells showed that the total Kir3.1-trafficking (Kennedy et al., 1999) (data not shown). When
expressed alone, Kir3.2A or Kir3.4 homotetramers HA protein level was increased by 2- to 3-fold when
coexpressed with Kir3.2A or Kir3.4, but not with Kir3.3reached the cell surface efficiently, while Kir3.3 was
localized to the ER (Figure 2A, upper panels). When (Figure 2B, right panel). Since the increase of surface
Kir3.1-HA was much more than that of total Kir3.1-HA,coexpressed with Kir3.1, Kir3.1/Kir3.2A or Kir3.1/Kir3.4
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Figure 2. Distinct Trafficking Patterns of Kir3 Homotetrameric and Kir3.1/Kir3.X (Kir3.2A, Kir3.3, or Kir3.4) Heterotetrameric Channels and
Sequence Alignments for the N Termini or C Termini of Kir3.2A, Kir3.3, and Kir3.4
(A) Subcellular localizations of Kir3 homotetramers (upper panels) and Kir3.1/Kir3.X heterotetramers (lower panels) in transfected COS7 cells.
For the purpose of double labeling, an HA epitope was added to the C terminus of Kir3.2A, Kir3.3, or Kir3.4. Scale bar, 25 m.
(B) Quantitative chemiluminescence measurement of surface (left) or total (right) Kir3.1 level in COS7 cells transfected with Kir3.1 alone,
Kir3.1/Kir3.2A, Kir3.1/Kir3.3, or Kir3.1/Kir3.4. An extracellular HA epitope was introduced to Kir3.1 for quantification of surface proteins. The
measurement of surface or total HA epitope was performed under nonpermeabilized or permeabilized conditions, respectively.
(C) Macroscopic currents of Kir3.1/Kir3.X heterotetramers measured by two-electrode voltage clamp in Xenopus oocytes (holding
potential, 100 mV).
(D) Sequence alignment of the variable N and C termini of Kir3.2A, Kir3.3, and Kir3.4. Residues in highly conserved domains are in bold face.
The various trafficking motifs identified in this study are underlined. Residues marked by the dashed line are less critical but are required for
the optimal function of ER export motif of Kir3.4.
it appeared that Kir3.2A and Kir3.4, but not Kir3.3, pro- Roles of the N Termini and C Termini of Kir3.2A
and Kir3.4 in Channel Traffickingmoted surface expression of channels containing Kir3.1.
Because the amino acid sequences within the variable To search for potential forward trafficking signals in
Kir3.4, we began with a deletion analysis. Wild-typeN- or C- terminal regions of Kir3.2A and Kir3.4 are more
similar to each other than to Kir3.3 (Figure 2D), we pur- Kir3.4 homotetramers could be found on the cell surface
and a few intracellular vesicles in 90% of the transfectedsued the possibility that Kir3.2A and Kir3.4 contain for-
ward trafficking signals within these regions. cells (Figures 3A and 3B). Deletion of the last 11 residues
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Figure 3. Deletion Analyses of Kir3.4 and Kir3.2A
(A and E) Subcellular localization of Kir3.4 (A) or Kir3.2A (E) deletion mutants. Deletion of the variable N terminus or C terminus caused the
truncated channels to accumulate in distinct compartments. In contrast to Kir3.4, wild-type Kir3.2A was also found concentrated in intracellular
vesicles. Scale bars, 25 m.
(B and F) Quantitative analysis of subcellular distribution of Kir3.4 (B) or Kir3.2A (F) deletion mutants. At least 300 transfected COS7 cells
were scored for each construct. S: surface, V: vesicle, and JN: juxtanuclear.
(C and G) The effects of various Kir3.4 (C) or Kir3.2A (G) truncations on the total protein level. In contrast to the N-terminal truncation, deletion
of amino acids 391–408 from Kir3.4 or deletion of amino acids 396–403 from Kir3.2A greatly reduced the total protein level.
(D and H) The variable N termini and C termini of Kir3.4 or Kir3.2 were required for the efficient surface expression of Kir3.1/Kir3.4 (D) or
Kir3.1/Kir3.2A (H) heterotetramers.
from the C terminus (Kir3.4[1-408]) produced little lated in the ER, whereas Kir3.4(1-390) was found mainly
in vesicles and the juxtanuclear region (Figures 3A andchange in the subcellular localization of channel proteins
(Figure 3B; data not shown). Further deletions in the 3B). The prominent vesicle and juxtanuclear staining
pattern were also found, albeit to a lesser extent withC-terminal region (Kir3.4[1-401] and Kir3.4[1-390]) or de-
letion of the N terminus (Kir3.4[36-419]) decreased the Kir3.4(1-401) (Figures 3A and 3B). The total protein ex-
pression level was significantly reduced for thesurface expression. Kir3.4(36-419) primarily accumu-
Trafficking of K Channels
719
C-terminal truncation mutant Kir3.4(1-390), as com- ure 4A) and Kir3.1/Kir3.4(36-419) heterotetramers (Fig-
ure 4D). The Kir3.4 N-terminal sequence is important forpared with wild-type Kir3.4, Kir3.4(1-408), and the
ER export, but not for channel function; its replacementN-terminal truncation mutant Kir3.4(36-419) (Figure 3C).
with the exogenous ER export signal FCYENE did notThese results suggest that amino acids 1–35 include
alter inward rectification gating or G protein activationsequences necessary for the efficient ER export of Kir3.4
of the heterotetrameric channels resulting from the stim-and that amino acids 391–408 contain the signal or sig-
ulation of opioid receptors by morphine (Figure 4E). Con-nals for the post ER trafficking. Moreover, deletion of
versely, whereas the GFP-fused Kir2.1(1-373) truncationamino acids 391–408 decreases the protein level of
mutant lacking the FCYENE ER export signal resided inKir3.4. Significantly, when coexpressed with Kir3.1,
the ER (Ma et al., 2001), the addition of amino acidsKir3.4(36-419), Kir3.4(1-401), and Kir3.4(1-390), all exhib-
1–35 of Kir3.4 promoted its export from the ER (Figureited reduced surface expression of heterotetrameric
4B). Moreover, these residues could enhance the ERchannels (Figure 3D), indicating that Kir3.1/Kir3.4 chan-
export of an unrelated G protein-coupled receptor pro-nel expression may be regulated by trafficking signals
tein. We have previously shown that the RSRR motif inin Kir3.4.
the C terminus of the GABAB receptor subunit GB1aAlthough Kir3.2A also displayed detectable surface
functions as an ER retention/retrieval signal (Margeta-staining in about 80% of transfected cells, unlike Kir3.4,
Mitrovic et al., 2000). When this signal is mutated byit yielded prominent staining of intracellular vesicles in
substituting R with A (GB1aASRR), the protein exits the
many cells (Figures 3E and 3F). Deletion of the last 11
ER, but at a very slow rate in the absence of an efficient
residues from the C terminus (Kir3.2A[1-403]) had little
ER export signal (Margeta-Mitrovic et al., 2000; Ma et
effect (Figures 3E and 3F). Further deletion in the al., 2001). The surface expression of GB1aASRR was
C-terminal region (Kir3.2A[1-395]) drastically reduced enhanced by the fusion of amino acids 1–35, but not
the surface expression, with about 60% of the trans- amino acids 375–419, of Kir3.4 (Figure 4C). Taken to-
fected cells showing predominant ER staining and about gether, these observations demonstrate that amino
40% of the transfected cells displaying juxtanuclear acids 1–35 of Kir3.4 contain a bonafide ER export signal.
staining (Figures 3E and 3F). As with Kir3.4(1-390), the Further deletion analysis and alanine mutagenesis iden-
total protein expression level of Kir3.2A(1-395) was also tified NQDMEIGV as residues critical for ER export (Fig-
greatly reduced (Figure 3G). The consequences of delet- ure 2D; data not shown). Even conservative point muta-
ing the N terminus (Kir3.2A[45-414]) were more complex. tions such as D12N and E14Q dramatically reduced the
Although this deletion abolished vesicle staining and ER export and the surface expression of Kir3.4 (data
seemed to stabilize the surface channels, it also moder- not shown). Residues downstream of NQDMEIGV had
ately increased the ER accumulation of channels (Fig- a moderate effect (Figure 2D; data not shown). This ER
ures 3E and 3F). These results suggest that both amino export signal appears different from those in Kir1.1 and
acids 1–44 and 396–403 contain sequences important Kir2.1 (Ma et al., 2001), though they all contain diacidic
for the optimal ER export of Kir3.2A. Furthermore, amino motifs.
acids 1–44 may contain additional information for the As described earlier, deletion analysis suggested that
amino acids 391–408 of Kir3.4 were involved in post ERaccumulation of Kir3.2A channels in intracellular vesi-
trafficking, since deletion of this region resulted in thecles, and amino acids 396–403 probably include signals
accumulation of channel proteins in intracellular vesi-not only for ER export, but also for post ER trafficking.
cles and the juxtanuclear region (Figures 3A and 3B).Finally, deletion of amino acids 396–403 decreases the
These intracellular vesicles were of endocytic originprotein level of Kir3.2A. When coexpressed with Kir3.1,
since they could be labeled by FITC-conjugated WGAboth Kir3.2(45-414) and Kir3.2(1-395) showed reduced
(wheat germ agglutinin; Figure 4F, upper panels), whichnumbers of heterotetrameric channels on the cell sur-
was added to the medium and taken up by the cell viaface, with a much more severe defect observed for the
endocytosis. Consistently, Kir3.4(1-390) was colocal-latter (Figure 3H). This contrasted sharply with the more
ized with another endosomal marker protein GFP-Rhosevere trafficking defect observed for Kir3.1/Kir3.4(36-
(data not shown). Double labeling further indicated that419), as compared with Kir3.1/Kir3.4(1-390) (Figure 3D).
the intracellular localization of Kir3.4(1-390) overlappedApparently, the variable N termini and C termini of Kir3.4
predominantly with that of GFP-Rab7, a marker proteinand Kir3.2A play distinct roles in channel trafficking.
for the late endocytic structures such as late endo-
somes/lysosomes (Figure 4F, lower panels) (Bucci et
al., 2000). This late endocytic/lysosomal localization is
Identification of Forward Trafficking consistent with the findings that the total protein level
Signals of Kir3.4 of Kir3.4(1-390) is much reduced compared to that of
Our deletion analysis suggests that amino acids 1–35 Kir3.4(1-408) (Figure 3C). These findings indicate that
of Kir3.4 contain sequences important for efficient ER amino acids 391–408, EAEKEAEAEHDEEEEPNG, af-
export, possibly an ER export signal. If this is the case, fected the trafficking between the plasma membrane
one would predict that the trafficking defect of Kir3.4(36- and the endosomes. A similar but distinct acidic cluster
419) should be rescued by an exogenous ER export of amino acids, EEEEDSE, was also found in Kir2.1;
signal. Moreover, fusion of amino acids 1–35 of Kir3.4 to deleting these acidic residues or mutating them to ala-
other proteins should enhance their ER export. Indeed, nines led to the accumulation of Kir2.1 in intracellular
adding the ER export signal of Kir2.1, FCYENE, to vesicles and the juxtanuclear region (data not shown).
Kir3.4(36-419) facilitated the ER export and the surface Although different in their primary amino acid se-
quences, the acidic clusters from Kir2.1 and Kir3.4 wereexpression of both Kir3.4(36-419) homotetramers (Fig-
Neuron
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Figure 4. Multiple Trafficking Motifs Control ER Export, Endocytic Trafficking, and Hence, Surface Expression of Both Kir3.4 Homotetramers
and Kir3.1/Kir3.4 Heterotetramers
(A) Deficient ER export of Kir3.4(36-419) was rescued by C-terminal fusion of the Kir2.1 ER export signal, FCYENE. Scale bar, 25 m.
(B) GFP-Kir2.1(1-373) lacked the endogenous FCYENE motif and resided in the ER. Adding amino acids 1–35 of Kir3.4 to the C terminus of
GFP-Kir2.1(1-373) promoted its ER export, though GFP-Kir2.1(1-373)-Kir3.4(1-35) localized mainly to vesicles and the juxtanuclear region.
Scale bar, 25 m.
(C) Without a functional ER retention/retrieval motif (RSRR), the GABAB receptor protein GB1aASRR reached the cell surface slowly because
of inefficient export from the ER. Its ER export and surface expression were increased by the C-terminal fusion of amino acids 1–35, but not
375–419, of Kir3.4.
(D) Fusion of FCYENE of Kir2.1 to Kir3.4(36-419) restored the surface expression of Kir3.1-containing heterotetrameric channels.
(E) Agonist (morphine)-induced currents of various Kir3.1/Kir3.4 channels measured at different membrane potentials in oocytes coexpressing
 opioid receptors. Compared with wild-type Kir3.1/Kir3.4 channels, Kir3.1/Kir3.4(36-419) displayed reduced currents. Fusion of FCYENE of
Kir2.1 to Kir3.4(36-419) completely restored the currents.
(F) Upper panels: Kir3.4(1-390), which lacks a stretch of acidic residues (underlined), accumulated in intracellular vesicles that contained
endocytosed FITC-WGA. Lower panels: Intracellular Kir3.4(1-390) colocalized with GFP-Rab7, a marker for late endocytic structures such as
late endosomes/lysosomes. Scale bar, 25 m.
(G) The acidic clusters of Kir3.4 and Kir2.1 are functionally interchangeable. Amino acids 383–404 of Kir2.1 containing EEEEDSE can rescue
the surface expression of Kir3.4(1-390). Similarly, amino acids 387–407 of Kir3.4 containing EAEKEAEAEHDEEEEPNG can rescue the surface
expression of Kir2.1(1-385). Scale bar, 25 m.
(H) Expression of a dominant-negative Rme1 mutant, Rme1(G429R), inhibits the recycling of transferrin receptor, but not that of Kir3.4.
Transferrin receptors associated with biotin conjugated transferrin (applied to the medium for 1 hr at 37C) and Rme1(G429R) both accumulated
in a juxtanuclear endocytic recycling compartment because transferrin receptor exit from this compartment was retarded by Rme1(G429R),
as previously shown (Lin et al., 2001). This expression of Rme1(G429R) did not result in significant accumulation of Kir3.4 in the same
compartment. Scale bar, 5 m.
functionally interchangeable. Thus, the acidic cluster of Most endocytosed membrane proteins are thought to
recycle to the cell surface via a juxtanuclear endocyticKir2.1 restored the surface expression of Kir3.4(1-390)
that lacks the acidic cluster of Kir3.4 and vice versa recycling compartment (Mukherjee et al., 1997). The
Rme1 protein has been implicated in this recycling pro-(Figure 4G), indicating that these acidic clusters function
primarily as forward trafficking signals to promote the cess (Lin et al., 2001; Grant et al., 2001). Overexpression
of a dominant-negative Rme1 mutant, GFP-Rme1(G429R),surface recycling of internalized channel proteins.
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significantly slowed down the recycling of transferrin completely with both endocytosed FTIC-conjugated
WGA (Figure 5G, upper panels) and GFP-Rho (data notreceptors and resulted in their accumulation in the
shown). Double labeling with GFP-Rab7 confirmed thatRme1-positive recycling compartment (Lin et al., 2001;
most of the intracellular Kir3.2A-positive vesicles repre-Figure 4H). Interestingly, similar treatment did not cause
sented the late endocytic structures, such as late endo-the accumulation of Kir3.4 channel proteins in the Rme1
somes/lysosomes (Figure 5G, lower panels). Since dele-compartment (Figure 4H) and only slightly reduced the
tion of amino acids 1–44 from Kir3.2A abolished itssurface channel density by 20% (data not shown). These
intracellular vesicle staining (Figure 3E), we searchedresults suggest that the bulk of channel proteins recycle
for an endocytosis signal within this region and foundto the cell surface via a pathway distinct from that used
a VL motif similar to the well-characterized di-leucineby transferrin receptors.
endocytosis signal (Figure 2D). Mutation of VL to AA
was sufficient to abolish intracellular vesicle stainingIdentification of Forward Trafficking
(Figure 5H) and reduced by more than 10-fold the per-and Internalization Signals of Kir3.2
centage of transfected cells showing prominent vesicleDeletion analysis suggested that both amino acids 1–44
staining (Figure 5I). The same mutation also increasedand 396–403 of Kir3.2A were required for the optimal
the surface expression of Kir3.1/Kir3.2A heterotetra-ER export (Figures 3E and 3F). Consistently, both the
mers by 50% (Figure 5J).N- and C-terminal regions of Kir3.2A were able to pro-
mote the ER export of Kir2.1(1-373) in a fraction of the
Kir3.3 Contains a Late Endosome/Lysosometransfected cells (Figure 5A). When either region was
Targeting Signal, and Expression of Kir3.3fused to GB1aASRR, ER export and, hence, surface
Reduces the Number of Kir3.1-Containingexpression of GB1aASRR were also enhanced (Figure
Heterotetramers at the Cell Surface5B). The N-terminal residues found essential for the ER
As shown in Figure 2A, Kir3.3 homotetramers or Kir3.1/export of Kir3.4 (NQDMEIGV) are similar to amino acids
Kir3.3 heterotetramers resided mainly in the ER and20–27 of Kir3.2A (DQDVESPV) (Figure 2D), indicating
failed to reach the cell surface efficiently. This was par-that the latter might correspond to part of the ER export
tially due to the lack of an efficient ER export motif,signal. Since removing amino acids 1–35 of Kir3.4, the
since fusion of FCYENE to either Kir3.3 (Figure 6A) orequivalent of amino acids 1–44 of Kir3.2A did not change
Kir3.1 (Figure 6B) can redistribute the homotetramericthe channel properties (Figure 4E), and the removal of
and heterotetrameric channel proteins from the ER toamino acids 396–403 from Kir3.2A also had little effect
the post ER compartments. When fused to the aminoon the channel properties (Figure 5E), it seems likely
acids 369–410 of Kir2.1, which contains both FCYENEthat both amino acids 1–44 and 396–403 influenced
and the acidic cluster, most of Kir3.3 homotetramersKir3.2A ER export by providing forward trafficking sig-
were found in the GFP-Rab7 positive intracellular vesi-nals, rather than facilitating channel folding or assembly.
cles with no detectable or very weak surface stainingIn addition to ER export, amino acids 396–403 of
(Figure 6C). Coexpression of Kir3.3-Kir2.1(369-410) withKir3.2A are also involved in post ER trafficking. Indeed,
Kir3.1 only modestly increased the surface expressionfusion of FCYENE alone to Kir3.2A(1-395) was insuffi-
of Kir3.1/Kir3.3 heterotetramers (data not shown). Thus,
cient to achieve significant surface expression of either
although the fusion of FCYENE and the acidic cluster
Kir3.2A(1-395) homotetramers (Figure 5C) or Kir3.1/
of Kir2.1 is able to restore the high level of surface
Kir3.2A(1-395) heterotetramers (Figure 5D). Instead, effi- expression for the trafficking mutants of Kir3.4 (Figures
cient surface expression required the fusion of a longer 4A, 4D, and 4G) and Kir3.2A (Figures 5C and 5D), it is
stretch of Kir2.1, Kir2.1(369-410), which contains both not sufficient to promote strong surface expression of
the ER export signal FCYENE and the acidic cluster Kir3.3. One possible explanation for these observations
EEEEDSE (Figures 5C and 5D). Similar results were ob- is that Kir3.3 contains a lysosomal targeting signal. Be-
tained when we measured the currents of Kir3.1/ cause the fraction of wild-type Kir3.3 proteins that exited
Kir3.2A(1-395) in Xenopus oocytes (Figure 5E). As with the ER was efficiently targeted to lysosomes and rapidly
the acidic clusters identified in Kir2.1 (EEEEDSE) and degraded, only Kir3.3 proteins that remained in the ER
Kir3.4 (EAEKEAEAEHDEEEEPNG), the region between were detected. Addition of ER export signals allowed
amino acids 396 and 403 of Kir3.2A is also highly en- most of the fusion proteins to exit ER and eventually end
riched in acidic residues (ELETEEEE). Interestingly, the up in late endosomes. A potential lysosomal targeting
acidic cluster of Kir3.2A contains a threonine residue signal, YWSI, is located near the C terminus of Kir3.3
which is a potential phosphorylation site of casein ki- (Figure 2D). Mutation of the critical Tyr residue to Ala
nase II. When this residue was mutated to A, fewer resulted in the detection of weak surface staining and
Kir3.1/Kir3.2A channels were observed at the cell sur- the accumulation of Kir3.3 channels in the intracellular
face. When this residue was mutated to D (but not E), vesicles in 20% of the transfected cells (Figure 6D),
more Kir3.1/Kir3.2A channels appeared at the cell sur- presumably due to less efficient delivery to lysosomes.
face (Figure 5F). This finding suggested that the traffick- This lysosomal targeting signal can also reduce the sur-
ing of Kir3.1/Kir3.2A might be regulated by the phos- face expression of heterologous proteins. When fused
phorylation status of the threonine residue at position to a Kir3.3 C-terminal sequence containing wild-type
399. YWSI, but not AWSI, CD4 showed significantly reduced
Next, we characterized the nature of prominent intra- level of surface expression (Figure 6E). Thus, Kir3.3 fails
cellular vesicle staining of Kir3.2A by double labeling. to accumulate on the cell surface due to both the lack of
We found that these vesicles were endosomes because forward trafficking signals and the presence of a YXXφ-
type lysosomal targeting signal.the Kir3.2A immunofluorescence colocalized almost
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Figure 5. Multiple Trafficking Motifs in Kir3.2A Control ER Export, Endocytosis, and Surface Expressions of Both Kir3.2A Homotetramers and
Kir3.1/Kir3.2A Heterotetramers
(A) Fusion of either N terminus (amino acids 1–44) or C terminus (amino acids 384–414) of Kir3.2A promoted ER export of Kir2.1(1-373). Scale
bar, 25 m.
(B) ER export and surface expression of GB1aASRR were increased by the fusion of either N terminus (amino acids 1–44) or C terminus
(amino acids 384–414) of Kir3.2A.
(C) Although the fusion of FCYENE enhanced the ER export of Kir3.2A(1-395), efficient surface expression of Kir3.2A(1-395) required the fusion
of amino acids 369–410 of Kir2.1, which contained both the ER export signal, FCYENE, and the surface promoting signal in the endocytic
pathway, EEEEDSE. Scale bar, 25 m.
(D) As with Kir3.2A(1-395) homotetramers, fusion of FCYENE alone to Kir3.2A(1-395) was insufficient to restore the surface expression of
Kir3.1/Kir3.2(1-395) heterotetramers. Instead, a fusion of amino acids 369–410 of Kir2.1, which contained both the ER export signal (FCYENE)
and the post Golgi surface targeting signal (EEEEDSE), was able to restore the surface expression of Kir3.1/Kir3.2A(1-395) heterotetramers.
(E) Agonist (morphine)-induced currents of various Kir3.1/Kir3.2A channels measured at different membrane potentials in oocytes coexpressing
 opioid receptors. Compared to wild-type Kir3.1/Kir3.2A channels, Kir3.1/Kir3.2A(1-395) displayed reduced currents. Fusion of amino acids
369–410 of Kir2.1 to Kir3.2A(1-395) increased the currents to a level higher than that of wild-type channels.
(F) Surface expression of Kir3.1/Kir3.2A heterotetramers can be potentially regulated by the phosphorylation status of the threonine residue
found within the acidic cluster.
(G) Upper panels: In contrast to Kir3.4, a significant portion of Kir3.2A accumulated in intracellular vesicles that contained endocytosed FITC-
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The mRNAs of Kir3.1, Kir3.2, and Kir3.3 have been displayed more diffused (presumably plasma mem-
brane) distribution with only limited colocalization withfound to coexist in many regions of the brain (Chen et
al., 1997; Karschin et al., 1996; Kobayashi et al., 1995). Rab7, indicating that VL residues promote the internal-
ization of Kir3.2A channels in neurons.To examine the effect of Kir3.3 coexpression on the
surface expression level of Kir3.1-containing channels, Four alternatively spliced forms of Kir3.2 have been
identified. Kir3.2C (Lesage et al., 1995) and Kir3.2A (Le-we coexpressed the following combinations of channel
mRNAs: ([Kir3.1, Kir3.2A or Kir3.2C, Kir3.4], [Kir3.1, sage et al., 1994) differ by 11 amino acids containing a
PDZ domain binding motif at the extreme C terminus,Kir3.2A or Kir3.2C, Kir3.3], or [Kir3.1, Kir3.3, Kir3.4]). Sim-
ilar to the results obtained from double transfection (Fig- present in Kir3.2C, but not Kir3.2A. Compared to Kir3.2A,
Kir3.2B is a C-terminal truncated form that lacks theure 2B), coexpression of Kir3.1 with both Kir3.2 and Kir3.4
resulted in significant surface expression of Kir3.1- ELETEEEE acidic cluster (Isomoto et al., 1996), while
Kir3.2D lacks the first 18 amino acids, which contain thecontaining heterotetramers (Figure 6F). Expression of
Kir3.3 strongly inhibited surface expression of Kir3.1- VL endocytosis signal (Inanobe et al., 1999a). Thus, we
predict the channels containing different Kir3.2 splicecontaining heterotetramers, even in the presence of Kir3.2
or Kir3.4 (Figure 6F). This Kir3.3-mediated inhibition was variants traffic differently. To test this prediction, we
next examined the trafficking of Kir3.2 splice variantsdependent on the expression level of Kir3.3 and the func-
tional YWSI lysosomal targeting signal (Figure 6G). Immu- and obtained identical results by transfecting either
COS7 cells or hippocampal neurons. We found that thenofluorescence studies indicated that cotransfection of
Kir3.1, Kir3.2A, and Kir3.3 led to the accumulation of trafficking behavior of Kir3.2C was similar to that of
Kir3.2A, except that the former consistently producedKir3.1 and Kir3.2A in the ER and the juxtanuclear region
in most transfected cells (Figure 6H, right panels). In more surface channels due to the presence of the PDZ
domain binding motif (Figure 7D; data not shown). Simi-contrast, both Kir3.1 and Kir3.2A localized efficiently to
the cell surface in double-transfected cells (Figure 6H, lar to Kir3.2A(1-395), the Kir3.2B protein lacking the
acidic cluster showed greatly reduced total protein levelleft panels).
Taken together, these results suggest that Kir.3.3 (Figure 7D). Finally, when compared to Kir3.2A, Kir3.2D
exhibited stronger surface staining and less intracellularlacks forward trafficking signals. Moreover, its ability to
down-regulate Kir3.1-containing heterotetramers on the accumulation (Figure 7D), as expected, given the ab-
sence of the VL endocytosis signal in this splice variant.cell surface can override the stimulatory effects of
Kir3.2A or Kir3.4. While the same set of motifs appeared to exert similar
control of Kir3 trafficking in COS7 cells and neurons,
it was easier to detect the association of transfectedThe Trafficking Signals that Control the Surface
channels with intracellular compartments in COS7 cells.Expression of Kir3.2 and Kir3.3 in COS7 Cells
This might be due to the higher expression level of chan-Also Regulate Channel Distribution in Neurons
nels in COS7 cells, the more efficient degradation ofThe physiological significance of the Kir3 trafficking mo-
intracellular channels in neurons, or both.tifs was examined by cotransfecting hippocampal neu-
rons with EGFP and wild-type or mutant channels. For
each construct, we examined at least 15 transfected Discussion
cells with comparable level of green fluorescence. Al-
though the presence of HA-tagged wild-type Kir3.2A G protein-activated inwardly rectifying (Kir3, GIRK) po-
tassium channels of different subunit compositions reg-was easily detected in all transfected cells, the mutant
lacking the forward trafficking signals (Kir3.2A[1-395]) ulate heart rate and cause slow inhibition of central
neurons in the brain due to the action of a number ofwas almost undetectable in more than 90% of the trans-
fected cells (Figure 7A). This is consistent with our find- different transmitters. Whereas these channels often ex-
hibit rather similar electrophysiological properties, weing that Kir3.2A(1-395) channels existed at a much lower
level in transfected COS7 cells (Figure 3G). Compared have shown that different Kir3 subunits confer drasti-
cally different trafficking patterns upon GIRK channels.to Kir3.2A-HA, the expression level of HA-tagged Kir3.3
in hippocampal neurons was lower, but it could be signif- We have further identified in these proteins multiple traf-
ficking motifs that control channel export from the ER,icantly increased by mutating the YWSI lysosomal tar-
geting signal (Figure 7B). We also tested whether the surface targeting via endosomes, internalization from
the surface, and targeting to lysosomes (Figure 2D).VL residues of Kir3.2A function as an internalization sig-
nal in neurons. As in COS7 cells (Figure 5G), wild-type Although most of our studies were conducted in COS7
cells, the motifs we have identified also control Kir3Kir3.2A was punctate in distribution and colocalized with
the late endosome/lysosome marker Rab7 in nearly all trafficking in neurons. These observations suggest the
conservation of cellular machineries which recognizetransfected neurons (Figure 7C). The VL to AA mutant
WGA. Lower panels: Intracellular Kir3.2A colocalized with GFP-Rab7. Scale bars, 10 m.
(H–J) The VL motif found near the N terminus of Kir3.2A controls internalization of both Kir3.2A homotetramers and Kir3.1/Kir3.2A hetero-
tetramers.
(H) Unlike wild-type Kir3.2A, the VL to AA mutant was primarily on the cell surface. Scale bar, 25 m.
(I) The fraction of transfected cells with prominent vesicle staining was also greatly reduced for the mutant. More than 300 transfected cells
were scored.
(J) Compared to Kir3.1/Kir3.2A heterotetramers, Kir3.1/Kir3.2-VL/AA heterotetramers were expressed on the cell surface at higher levels.
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Figure 6. Kir3.3 Contains a Lysosomal Targeting Signal and Negatively Regulates the Surface Expression of Kir3.1-Containing Heterotetramers
(A) When fused to FCYENE, Kir3.3 exited the ER efficiently and localized mainly to the juxtanuclear region. Scale bar, 25 m.
(B) Unlike Kir3.1/Kir3.3 heterotetramers that resided primarily in the ER, fusion of FCYENE to Kir3.1 resulted in the concentration of Kir3.1/
Kir3.3 heterotetramers in the juxtanuclear region. Scale bar, 25 m.
(C) Fusion of both FCYENE and the acidic cluster of Kir2.1 to Kir3.3 was not sufficient to produce efficient surface localization. The fused
channel proteins, Kir3.3-Kir2.1(369-410), accumulated in the GFP-Rab7 positive compartments. Scale bar, 25 m.
(D) Mutating YWSI to AWSI in Kir3.3 resulted in the accumulation of channels in intracellular vesicles and the detection of surface localization.
Scale bars, 25 m.
(E) When fused to the C terminus of CD4, Kir3.3 sequence containing the wild-type YWSI, but not the mutated AWSI, caused the reduced
surface level of fusion protein.
(F) Expression of Kir3.3 greatly reduced the surface level of Kir3.1-containing heterotetramers.
(G) The extent of reduction of Kir3.1-containing heterotetramers on the cell surface was dependent on the expression level of Kir3.3 and the
functional YWSI motif. In each case, the total amount of DNA used for the transfection remained the same, except that the abundance of
Kir3.2A relative to Kir3.3 was changed.
(H) Kir3.1/Kir3.2A heterotetramers were targeted to the cell surface efficiently (left panels), while both Kir3.1 and Kir3.2A accumulated in the
ER and the juxtanuclear region due to the presence of Kir3.3 (right panels). Scale bar, 5 m.
these motifs and validate the use of COS7 cells for this associated with the late endosomal/lysosomal compart-
ments due to the opposing effects of two traffickingstudy. Thus, Kir3.2A and Kir3.4, but not Kir3.3, contain
ER export signals and promote the export of Kir3.1- signals in Kir3.2A, an internalization signal and an acidic
cluster that includes a potential phosphorylation site.containing heterotetrameric channels (Figure 8). Follow-
ing ER export, an acidic cluster of Kir3.4 acts in the Whereas Kir3.2A and Kir3.4 increase GIRK channel num-
ber on the cell surface, Kir3.3 decreases it by divertingendocytic pathway to promote high-level surface ex-
pression of Kir3.1/Kir3.4 heterotetramers. In contrast, the channels to the degradation compartments via a
lysosomal targeting signal (Figure 8). These multiple lay-Kir3.1/Kir3.2A heterotetramers are localized to the cell
surface to a lesser extent; instead, a large fraction is ers of control could potentially allow a cell to regulate the
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Figure 7. Kir3 Subcellular Localization in Hippocampal Neurons Is Controlled by Traffic Motifs of Kir3 Channel Subunits
The trafficking signals of Kir3.2 and Kir3.3 exert similar traffic regulations in COS7 cells and neurons. Primary hippocampal neurons were
cotransfected with pEGFPC1 and various channel constructs at DIV (days in vitro) 3 and analyzed by immunofluorescence at DIV 7. In each
case, more than 15 transfected cells with comparable levels of green fluorescence were examined, and representative images were shown.
Scale bars in (A), (B), and (C), 25 m.
(A) While wild-type Kir3.2A was readily detected, Kir3.2A(1-395) lacking the acidic cluster was almost undetectable.
(B) Mutating YWSI of Kir3.3 to AWSI resulted in the increase of channel protein level.
(C) Wild-type Kir3.2A colocalized with the late endosomal/lysosomal marker Rab7. Mutating VL to AA in Kir3.2A reduced the extent of its
colocalization with Rab7 and increased its surface expression.
(D) Alternatively spliced variants of Kir3.2 (Kir3.2A, 3.2B, 3.2C, and 3.2D) display different trafficking patterns. The transfected cells were
identified by their expression of GFP (not shown). Scale bar, 5 m.
number of GIRK channels on the surface—and therefore represent one major physiological difference between
electrophysiologically similar Kir3.1-containing hetero-membrane excitability—by varying the subunit compo-
sition and trafficking patterns of GIRK channels without tetrameric channels. It has been established that Kir3.1
can assemble with any of the three other Kir3 subunits,necessarily affecting channel properties.
Our study suggests that distinct trafficking patterns Kir3.2, Kir3.3, and Kir3.4, to form heterotetrameric chan-
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The ER Export Signals
We have found that, like ER retention/retrieval signals
(Margeta-Mitrovic et al., 2000; Zerangue et al., 1999),
ER export signals may function to control subunit com-
position of membrane proteins on the cell surface. Fu-
sion of an exogenous ER export signal to Kir3.1 can
promote its efficient ER export (Figure 1C), suggesting
that retention of Kir3.1 in the ER is likely due to the lack
of an ER export signal rather than defective folding or
assembly, which would result in ER retention through a
quality control mechanism (Helenius, 2001). ER export
of Kir3.1 can also be conferred by assembly with Kir3.2A
or Kir3.4, which both contain ER export signals (Figure
2D). This differential distribution of endogenous ER ex-
port signals among different subunits is one way to
ensure the functional expression of membrane protein
complexes with specific subunit compositions.
The ER export signals found in Kir3.2A (DQDVESPV
and ELETEEEE) and Kir3.4 (NQDMEIGV) share some
common features with those identified in VSVG (YTDIEM)
(Nishimura and Balch, 1997; Sevier et al., 2000), the Kir1
subfamily (VLSEVDETD) (Ma et al., 2001), and the Kir2
subfamily (FCYENE) (Ma et al., 2001). All of them contain
one or more diacidic motif plus neighboring hydropho-
bic residues. However, there is no obvious consensus
sequence, unlike ER retention/retrieval signals such as
Figure 8. Different Traffic Patterns for Kir3 Channels of Different
KKXX-COOH, KDEL-COOH, NH2-XXRR, and RXRR, andSubunit Composition
internalization or TGN/endosome sorting signals suchKir3 channels of different subunit compositions exhibit distinct traf-
as NPXY, LL, and YXXφ (Kirchhausen, 1999; Rothmanficking patterns. Kir3.2A and Kir3.4, but not Kir3.3, contain ER export
signals and promote the ER exit of Kir3.1. In addition, Kir3.2 and and Wieland, 1996; Zerangue et al., 2001). How such
Kir3.4 contain trafficking signals that act in the endocytic pathway. diverse ER export signals are recognized in a cell re-
Consequently, Kir3.1/Kir3.4 channels reside primarily on the cell mains an intriguing open question. Nonetheless, the
surface, whereas Kir3.1/Kir3.2A channels show prominent endoso-
presence of distinct ER export signals in different Kirmal localization. In contrast, Kir3.3 contains a lysosomal targeting
channels that are likely to be present in the same cellsignal and diverts the heterotetrameric channels for degradation.
may allow the cell to differentially regulate the surface
expression of different potassium channels.nels with virtually identical electrophysiological proper-
ties (Jelacic et al., 1999), but this raises the question
The Acidic Clustersof why an organism might need to express different
The post Golgi surface promoting signals found incombinations of Kir3.1-containing heterotetramers. In
Kir3.2A (ELETEEEE), Kir3.4 (EAEKEAEAEHDEEEEPNG),the heart, muscarinic potassium channels contain Kir3.1
and Kir2.1 (EEEEDSE) are important for maintaining highand Kir3.4 (Krapivinsky et al., 1995), with Kir3.4 con-
surface expression of channels. Deletions or mutationstaining multiple forward trafficking signals that act in
of these signals greatly reduce the number of channelsboth ER export and the endocytic pathway (Figures 3
on the cell surface, with a corresponding increase ofand 4). In the brain, most of the GIRK channels that
channels accumulated in late endocytic structures suchmediate slow inhibitory postsynaptic potentials contain
as late endosomes/lysosomes (Figures 3, 4, and 5). Pre-Kir3.1 and Kir3.2 (Lu¨scher et al., 1997; Signorini et al.,
sumably, these signals are important for the targeting1997). Kir3.2 not only contains forward trafficking signals
of channels from the endosomes to the cell surface.analogous to those in Kir3.4, but also possesses addi-
Acidic clusters containing Ser or Thr are important fortional potential for traffic regulation owing to the pres-
the correct localization of some proteins in the TGNence of a phosphorylation site within an acidic cluster
such as furin (Molloy et al., 1999) or in large dense corethat promotes surface expression and to the presence
vesicles such as VMAT2 (Waites et al., 2001). Often, Serof an endocytosis signal that suppresses surface ex-
or Thr residues within these acidic clusters are phos-pression (Figures 3 and 5). Together with the strong
phorylation targets of casein kinase II, and the phos-inhibitory effects on surface expression exerted by
phorylated acidic clusters may bind PACS-1, which hasKir3.3, which is also expressed in central neurons (Chen
been suggested to mediate the retrieval of furin fromet al., 1997; Karschin et al., 1996; Kobayashi et al., 1995)
endosomes to TGN (Crump et al., 2001; Wan et al., 1998).(Figures 2 and 6), the multitude of trafficking signals
Our study demonstrates that similar acidic clusters arein these proteins provide one mechanism for different
also essential for the correct localization of surface pro-central neurons to vary the surface expression of their
teins such as ion channels, though they may or may notGIRK channels, effectors of various neurotransmitters
contain phosphorylation sites as with Kir3.2A and Kir3.4,such as GABA, serotonin, and adenosine in different
respectively.brain regions (Dascal, 1997; Wickman and Clapham,
1995; Lu¨scher et al., 1997; Yamada et al., 1998). Although most endocytosed membrane proteins, in-
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cluding transferrin receptor, are thought to recycle to Kir3.2 (Wischmeyer et al., 1997) in Xenopus oocytes.
We also observed an inhibitory effect of Kir3.3 on thethe cell surface via a juxtanuclear endocytic recycling
compartment (Mukherjee et al., 1997), overexpression currents produced by Kir3.1/Kir3.2A or Kir3.1/Kir3.4 in
Xenopus oocytes (data not shown). The absence of for-of a dominant-negative Rme1 protein, which has been
shown to significantly inhibit this classical recycling ward trafficking signals cannot fully account for the re-
duced surface expression level caused by the coexpres-pathway (Lin et al., 2001; Grant et al., 2001), has little
effect on the Kir3.4 channel trafficking (Figure 4H). Thus, sion of Kir3.3, since fusing FCYENE and the acidic
cluster from Kir2.1 to Kir3.3 failed to produce efficientthe acidic clusters probably promote the surface tar-
geting of channels by a different route, such as direct surface expression of Kir3.3-Kir2.1(369-410) channels
(Figure 6C). Rather, this negative effect of Kir3.3 is duerecycling from the early endosomes to the surface or
retrieval of channels from the endosomes to the TGN, to a lysosomal targeting signal, which reduces both the
surface expression and total protein levels (Figures 6D,where the channels could then be targeted to the cell
surface. In the latter possibility, it remains to be tested 6E, and 6G). Given the wide distribution of Kir3.3 mRNA
among CNS neurons (Karschin et al., 1996), a likely sce-whether PACS-1 or other unrelated proteins control the
surface expression of Kir3 channels and whether the nario is that these cells may adjust the number of GIRK
channels on the cell surface not only by regulating mech-acidic cluster plays an additional role in the surface
targeting of channels from TGN. Since similar acidic anisms that recognize various forward trafficking signals
in Kir3.2 and by alternative splicing of Kir3.2 to yieldclusters can be found in other Kir subfamilies (e.g., Kir1
and Kir6), in other types of potassium channels (e.g., splice variants with different combinations of these traf-
ficking signals, but also by altering Kir3.3 expression.the KCNQ family members which comprise M channels),
as well as in other types of ion channels (e.g., CFTR),
it is possible that acidic clusters control the surface Experimental Procedures
expression of a wide variety of ion channels.
The acidic cluster of Kir3.2A contains a threonine resi- DNA Constructs
Constructs encoding GFP-CD4-KKYL, GFP-Kir2.1, GFP-Kir2.1(1-due which can be potentially phosphorylated by casein
385), GFP-Kir2.1(1-373), and HA-GB1aASRR have been previouslykinase II. Prevention of phosphorylation by mutation of
described. Plasmid pEGFP-Rho was purchased from Clontech.Thr to Ala reduces the surface level of Kir3.2A homotet-
Plasmids pEGFPC1-Rab7 and pEGFPC1-Rme1 andRme1(G429R)
rameric and Kir3.1/Kir3.2A heterotetrameric channels, were gifts from Dr. Bo van Deurs (The Panum Institute, University of
while mimicking phosphorylation by mutating Thr to Asp Copenhagen, Denmark) and Dr. Barth Grant (Columbia University),
respectively. Plasmid pCR3.1-CD4 is a gift from Dr. Mark Von Zas-increases the surface expression of channels (Figure
trow (University of California, San Franscisco). Kir3.1-Kir3.4 were5F), suggesting that Kir3.2A-containing channels may
cloned into either the mammalian expression vector pcDNA3 (In-be regulated by phosphorylation. Intriguingly, glutamate
vitrogen) or the Xenopus expression vector pGEMHE (Liman et al.,substitution had the effect similar to alanine substitution
1992) for this study. HA epitope (YPYDVPDYA) was fused to the C
(Figure 5F), implicating a highly specific recognition of termini of Kir3.2-Kir3.4 or to the extracellular loop of Kir3.1 (between
this acidic cluster by the traffic-regulating machinery in amino acids 115 and 116). For all the chimeras used in this study,
the regions containing various trafficking motifs from Kir2.1 or Kir3.Xthe endocytic pathway. A significant portion of Kir3.2A
(X  1, 2, 3, or 4) were fused to the C termini of other Kir channels oror Kir3.1/Kir3.2A was localized in the late endosomes/
HA-GB1aASRR. The symbols “FCYENE”, “ACAENE”, or “FCYANA”lysosomes at the steady state via VL-mediated endocy-
represents amino acids 369–385 of Kir2.1 containing the wild-typetosis (Figure 5H). Rapid internalization and phosphoryla-
FCYENE ER export signal or the mutated sequences, ACAENE or
tion-dependent surface targeting presumably permit a FCYANA. Deletions or site-specific mutations were introduced either
cell to regulate the surface level of these channels on by standard PCR mutagenesis or the QuikChange Site-Directed
Mutagenesis Kit (Strategene). All the mutations were verified bya more dynamic basis. Given that Kir3.2 is mainly found
DNA sequencing (DNA Sequencing Facility, HHMI).in the dendrites of neurons (Inanobe et al., 1999b; Liao
et al., 1996), where they mediate the slow inhibitory
postsynaptic potential (Lu¨scher et al., 1997), it will be Cell Culture and Immunofluorescence
COS7 cells were cultured in 50% DMED/50% F12 medium (Cellgrow)important to determine whether the trafficking of Kir3.2-
supplemented with 10% fetal bovine serum, 20 mM glutamine andcontaining channels in neurons can be regulated by
penicillin-streptomycin (Cell Culture Facility, UCSF). For the purposesynaptic activity. The need for more complex trafficking
of immunostaining, cells were grown in the Lab-Tek II chamberregulation of Kir3.2-containing channels is further sup-
slides and transfected with FuGENE6 (Roche). After 24–48 hr, trans-
ported by the presence of multiple splice variants with fected cells were fixed (in PBS containing 4% formaldehyde, 40 min),
similar electrophysiological properties (Figure 7D). Our permeabilized (in PBS containing 0.1% saponin, 15 min), blocked (in
PBS containing 1% bovine serum albumin [BSA] and 5% goat se-studies reveal that these splice variants display different
rum, 30 min), incubated with primary antibody (0.2 g/ml in PBStrafficking patterns with possibly profound effects on
containing 1% BSA and 5% goat serum, 1 hr), washed (in PBSsurface channel numbers and their dynamic regulation.
containing 1% BSA and 1% goat serum, three tims for 5 min each),
incubated with fluorophore-conjugated secondary antibody (1:200
Down Regulation of GIRK Channel Surface dilution in PBS containing 1% BSA and 1% goat serum, 1 hr), and
washed (in PBS containing 1% BSA and 1% goat serum, threeExpression by Kir3.3
times for 5 min each; then in PBS, two times for 5 min each).In marked contrast to Kir3.2 and Kir3.4, Kir3.3 decreases
Immunostained cells were allowed to air dry, mounted, and exam-the surface expression of Kir3.1-containing heterotet-
ined with a BioRad confocal microscope. Biotin-XX conjugatedrameric channels in a dosage-dependent manner (Fig-
transferrin was obtained from Molecular Probes. The primary anti-
ures 6F and 6G). This is consistent with previous reports bodies used included mouse monoclonal anti-HA (HA.11, Babco),
that coexpression of Kir3.3 with Kir3.2 reduces the cur- mouse monoclonal anti--tubulin (Sigma,) or rabbit polyclonal anti-
Kir3.1N, anti-Kir3.2N (Upstate), or anti-Kir3.4 (a gift from John Adel-rents produced by Kir3.2 (Kofuji et al., 1995) or Kir3.1/
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